Context. Chromospheric activity monitoring of a wide range of cool stars can provide valuable information on stellar magnetic activity and its dependence on fundamental stellar parameters such as effective temperature and rotation. Aims. We compile a chromospheric activity catalogue of 4454 cool stars from a combination of archival HARPS spectra and multiple other surveys, including the Mount Wilson data that have recently been released by the NSO. We explore the variation in chromospheric activity of cool stars along the main sequence for stars with different effective temperatures. Additionally, we also perform an activity-cycle period search and investigate its relation with rotation. Methods. The chromospheric activity index, S-index, was measured for 304 main-sequence stars from archived high-resolution HARPS spectra. Additionally, the measured and archived S-indices were converted into the chromospheric flux ratio log R HK . The activity-cycle periods were determined using the generalised Lomb-Scargle periodogram to study the active and inactive branches on the rotation -activity-cycle period plane.
Introduction
The non-thermal emission in the line cores of certain chromospheric lines such as the Ca ii H&K, Mg ii, Hα, and Ca ii infrared triplet is widely used as an indicator of the surface magnetic activity in cool stars (spanning F to M dwarfs). The first successful measurement of emission in stellar chromospheric lines was carried out by Eberhard & Schwarzschild (1913) . Arguably the most renowned study of stellar chromospheric emission is the Mount Wilson program, which measured the chromospheric activity of more than a thousand stars over a time span of more than four decades (Wilson 1968; Duncan et al. 1991; Baliunas et al. 1995) . The Mount Wilson survey indicates that stars can be categorised into either active or inactive stars, with a lack of stars with intermediate activity.
The lack of stars in the intermediate-activity region is known as the Vaughan-Preston gap (Vaughan & Preston 1980) . Different theories have been proposed to explain this gap. Firstly, it could be an indication of two distinct physical phenomena, such as different stellar populations (Baliunas et al. 1995; Henry et al. 1996) , stellar modes or topologies (Durney et al. 1981; Middelkoop 1982; Böhm-Vitense 2007) , or rapid shifts in differential rotation (Metcalfe et al. 2016) . Secondly, it could be a temporal effect, caused by a smooth (Noyes et al. 1984a) , rapid (Pace et al. 2009 ), or critical spin-down rate of the rotation (Vaughan & Preston 1980; Middelkoop 1982; Noyes et al. 1984a) . Lastly, as suggested by Vaughan & Preston (1980) , it could be just a matter of small number statistics, and the Vaughan-Preston gap might not be real (Vaughan & Preston 1980; Noyes et al. 1984a ).
In addition to measuring chromospheric activity for hundreds of stars, the Mount Wilson project also established that cool stars other than the Sun have magnetic activity cycles. With observations spanning several decades, the chromospheric activity cycles of the Mount Wilson sample were first investigated by Baliunas et al. (1995) . These authors reported three different types of activity cycles: solar-like cyclic activity, highly variable non-cyclic activity, and flat activity. Observations of cyclic chromospheric activity in the Mount Wilson sample (Baliunas et al. 1995) suggest that solar-like chromospheric activity is common and is exhibited by many cool dwarfs.
The detection of magnetic activity cycles in solar-like stars provides valuable observational constraints on solar and stellar dynamo models. The mechanism behind the dynamo-driven activity cycle was investigated by many groups (Noyes et al. 1984b;  Article number, page 1 of 25
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A&A proofs: manuscript no. activity_arxiv Baliunas & Vaughan 1985; Brandenburg et al. 1998; Saar & Brandenburg 1999; Böhm-Vitense 2007) . For old stars with clear cyclic behaviour, Noyes et al. (1984b) reported a possible correlation between activity-cycle period P cyc and Rossby number, Ro, where Ro is the ratio of the rotation period to the convective overturn time (P rot /τ c ). However, Baliunas & Vaughan (1985) did not find any correlation between activity-cycle period P cyc , rotation period P rot , Ro, and other stellar properties.
To investigate the relationship between stellar activity cycles and the dynamo process, the well-constrained activity cycles in the Mount Wilson sample were investigated by Saar & Baliunas (1992) . They reported that stellar activity cycles form two distinct branches when plotted as a function of rotation. They classified them as the active and inactive branch. The active branch comprises stars with strong activity, and the inactive branch consists of stars with weak chromospheric activity. These two branches were also confirmed by Brandenburg et al. (1998) , Saar & Brandenburg (1999) and Brandenburg et al. (2017) . Both Brandenburg et al. (1998) and Saar & Brandenburg (1999) investigated the dependence of the α effect on the magnetic field (B) for stars with a known chromospheric activity cycle. According to dynamo models, the α effect describes the inductive effect of a twisted magnetic field via turbulent convective helical motions that can generate a poloidal from a toroidal magnetic field (Steenbeck et al. 1966) . Together with the Ω effect, which is differential rotation, it has been successful in reproducing different aspects of the solar magnetic cycle under the mean-field dynamo models (see e.g. Ossendrijver 2003; Charbonneau 2010, for a detailed review on the solar dynamo). Despite the advances made in numerical modelling, no current dynamo model can fully reproduce all observed solar phenomena.
To provide observational constraints for current dynamo models, Brandenburg et al. (1998) and Saar & Brandenburg (1999) used the ratio of activity cycle and rotation frequency (ω cyc /Ω = P rot /P cyc ) and defined Ro as 1/2Ωτ c = P rot /4πτ c . In this definition, ω cyc /Ω is proportional to the α effect when we assume that α and the radial shear are linearly proportional to Ω. One key result was that stars in both branches show evidence of a dynamo, where α increases linearly with the magnetic field strength B, and not, as predicted, by simple α quenching α ∝ B −2 . Saar & Brandenburg (1999) also reported the presence of multiple cycles, where stars from the active branch could have a second cycle on the inactive branch, and vice versa. However, they also noted that the classification of stars into two branches based on the activity and the evolution of the cycles from one branch to another might be more complex than the clear distinction reported in their work. Multiple cycles and migration of stars from one branch to another was also reported by Böhm-Vitense (2007) in a separate model-independent study that investigated cycle period versus rotation period. Recently, Metcalfe et al. (2016) updated the figure of Böhm-Vitense (2007) showing rotation versus cycle period with approximately 30 stars. Metcalfe et al. (2016) concluded that the Sun is an anomaly amongst other Mount Wilson stars with similar rotation periods. It is the only star with an activity cycle that does not lie on either the inactive or active branch. However, the sample size is small and the results might be different if we were to include the large Mount Wilson sample that has recently been released by the National Solar Observatory (NSO) and stars from other long-term surveys. We here compile a chromospheric activity catalogue of cool stars. We achieve this by combining archival data sets available in Vizier with data from the Mount Wilson survey (Duncan et al. 1991; Baliunas et al. 1995 ) (released by the NSO) 2 and the HARPS F, G, K, and M radial velocity targets (Lovis et al. 2011; Bonfils et al. 2013 ). The Mount Wilson data released by the NSO also consist of S-index measurements that were not published in Baliunas et al. (1995) , with some observations made until 2000. We analyse the full Mount Wilson sample for the first time since Duncan et al. (1991) and Baliunas et al. (1995) and investigate the average and the long-term activity of cool stars along the main sequence.
One key motivation for compiling the catalogue is to monitor the chromospheric activity of cool stars as a function of effective temperature, or B − V. We investigate if there is indeed a lack of intermediately active cool stars in the solar neighbourhood. Additionally, we explore trends in stellar activity cycles as a function of rotation to provide observational constraints to solar and stellar dynamo models. This paper is organised as follows: In Section 2 we describe the archival data and introduce the catalogue. In Section 3 we discuss the chromospheric activity in terms of the S-index and the R HK conversion for the global sample. For a sub-sample of stars with long-term measurements, the activity-cycle periods are calculated in Section 4. The relation between activity-cycle period and rotation is investigated in Section 5, followed by a comparison with Zeeman Doppler imaging results in Section 6, and we finally provide our conclusions in Section 7.
Data collection
The total number of unique cool stars (main-sequence dwarfs) in the catalogue is 4454, 2509 of which can be found in single surveys, and 1945 appear in multiple surveys. The HertzsprungRussel (HR) diagram of the cool stars in the catalogue is shown in Fig. 1 . Except for the HARPS stars, all other S-index measurements were taken from existing values in the literature.
The surveys also contain several evolved stars that we have removed in this analysis. We used the main-sequence B − V-M V relation from Table B .1 in Gray (2005) and removed stars lying outside the relation with M V ± 1. The number of cool stars corresponding to different surveys including references is listed in Table 1 . The stellar properties of the cool dwarfs are listed in Table 2 . Only a few of the stars are shown here. The full catalogue will be available in Vizier. A detailed description of the sources is given below.
-Ar2011: The Magellan survey (Arriagada 2011) Henry et al. (1996) and Gray et al. (2006) . The southern sample of stars in Henry et al. (1996) consists of 758 stars within 50 pc of the solar neighbourhood. For the stars that were observed several times, S mean was taken from the literature. S mean of 1288 southern stars was also taken from Gray et al. (2006) . The southern stars only have S mean published in the literature. -Ha2009: S med of 28 stars were taken from the solar and stellar activity program of the Lowell observatory (Hall et al. 2009 ). -Lo2011 and Bo2013: High-resolution archival spectra were obtained for 304 F, G, K stars and 103 M dwarfs (Lovis et al. 2011; Bonfils et al. 2013) . We analysed the spectra of 304 F, G, K stars and calculated the S-index calibrated to the Mount Wilson S-index based on the technique used by Marvin et al. 2018 (in prep; hereafter M18 ; for a brief description of the method, we refer to Section 3). The M-dwarf spectra were analysed by M18. -NSO MWO: Data from the Mount Wilson survey (Duncan et al. 1991; Baliunas et al. 1995) have recently been rereleased by the NSO and are included in the catalogue. We included 827 cool stars from the NSO Mount Wilson survey. The median and mean S-indices were calculated from the long-term measurements.
When an S-index measurement was found in several surveys, the median and mean were calculated from multiple measurements. The median was preferred over the mean because when it is observed over long-term flares, it might influence the mean S-index. A summary of the stars included in the catalogue and their sources is listed in Table 1 .
Chromospheric activity
The chromospheric activity of cool stars can be determined by measuring the flux in the chromospheric Ca ii H&K lines and normalising it to the nearby continuum, which is commonly referred to as the S-index (Vaughan & Preston 1980; Duncan et al. 1991) .
S-index
The majority of S-index values included in this catalogue were taken from archives where the value is already calibrated to the 
Archival S-index values
While some surveys consist of both mean and median S-index values, only the mean or median S MWO is published for some surveys. We combined these archived values with the measured S MWO from HARPS to create the global sample.
S-index calculation for HARPS spectra
For HARPS spectra, we followed the prescription of Duncan et al. (1991) to mimic the response of the Mount Wilson HKP-2 spectrophotometer. We took a triangular bandpass at the core of the H and K lines at 3968.47 Å and 3933.664 Å, respectively, and two 20 Å wide rectangular bandpasses to measure the nearby continuum; V centred on 3901.07 Å and R centred on 4001.07 Å. The equation is given as
where N H , N K , N V , and N R are the counts of the respective bandpasses, 8 is a correction factor for the longer exposure times of the V and R bandpasses of the HKP-2 instrument, and α is a proportionality constant, usually taken to be α = 2.4. We calibrated S HARPS to S MWO by performing a linear regression on stars common in both surveys, so that
where a = 1.1159 and b = 0.0343. The common stars are listed in Table 3 . For the HARPS observations, we calculated both mean and the median S MWO . Figure 2 shows S MWO on a log scale of all available S-index data listed in Table 1 as a function of B − V. We used the median S MWO when it was available. When S med was not available, Table 1 : Archival surveys and the number of stars corresponding to each survey, including the references. The surveys are listed in column 2, the total number of main-sequence and evolved stars are listed in column 3, the total number of main-sequence stars is presented in column 4, the mean S MWO is listed in column 5, the median S MWO is given in column 6, and the references are collected in column 7. References.
(1) Arriagada (2011); (2) Baliunas et al. (1995) and Duncan et al. (1991) , released by the NSO in 2016. See Section 2 for more details on the type of S-index measurements.
we used S mean . For stars that appeared in several surveys, we plot the median S MWO value. For B − V 0.93, the lower activity boundary remains nearly constant. The Sun lies close to the lower activity boundary. From 0.93 B − V 1.4, the lower boundary of S MWO increases towards cooler stars. For B−V 1.40, the lower boundary of activity begins to drop. Over the entire B−V range, the highest activity levels rise towards later spectral types. This colour-dependence of the activity is consistent with previous S-index surveys, for example Vaughan & Preston (1980) and Mittag et al. (2013) . We also plot only the mean or the median, and the overall trend remains the same (see Figs. A.1 and A.2 ).
Chromospheric flux ratio log R HK
While S MWO gives a measure of Ca ii H and K emission for a relative comparison of stars of similar spectral types, its colourdependence makes it unsuitable for comparing stars of different spectral types. Towards later-type stars, the flux in the V and R channels decreases as the bulk of radiation moves towards longer wavelengths. This results in a typical K or M dwarf having a much higher S MWO than a typical F or G star. Hence we converted the S MWO into the chromospheric flux ratio log R HK .
log R HK conversion for archived S MWO values
To compare Ca ii H and K emission of F, G, K, and M dwarfs on the same scale, the ratio of chromospheric flux to bolometric flux is more suitable. This concept is defined as R HK = (F HK − F phot )/σT eff 4 (Linsky et al. 1979 ) (F HK is the flux in the H and K lines, F phot denotes the photospheric flux and T eff stands for the effective temperature). Currently, the most frequently used method of measuring R HK is that of Noyes et al. (1984a) , which requires a measurement of S MWO and B − V for a particular star. The dimensionless S MWO is converted into the surface flux F HK , most commonly by the calibration of Middelkoop (1982) or the improved Rutten (1984) calibration. The photospheric contribution R phot = F phot /σT 4 eff is most commonly found using Noyes et al. (1984a) , who used the Hartmann et al. (1984) method. However, this method is valid only for a limited spectral range 0.44 ≤ B − V ≤ 0.82, but many stars lie at B − V > 0.82.
To extend the relation of R phot for all the stars in our sample, where B − V can be as high as 2.0, we used the R phot polynomial of M18. Using PHOENIX stellar atmosphere models, M18 calculated R phot values down to T eff = 2300 K, which covers the colour index range of the stars in our sample. To estimate T eff , we used the B − V to T eff conversion used in Noyes et al. (1984a) . However, the computed R phot values are higher than those reported by Noyes et al. (1984a) , as Noyes et al. (1984a) neglected the line core in their calibration, while M18 integrated the entire spectral line (see M18 for a more detailed discussion of this). To remain consistent with the relation given by Noyes et al. (1984a) , denoted as log R phot, N84 , we scaled the relation given by M18, denoted as log R phot, M18 , to log R phot, N84 :
The constant 0.4612 was found by a least-squares fit of both relations in the range 0.44 ≤ B − V ≤ 0.82. This correction ensures that stars that lie in the Noyes et al. (1984a) calibration range still have similar R HK values to Noyes et al. (1984a) , while extending the relation to later spectral types K and M. We also used the R HK relation given by M18, which is consistent with both Middelkoop (1982) and Rutten (1984) .
log R HK conversion for HARPS S MWO
For HARPS targets, we used the template-model method of M18 to measure R HK . This method consists of measuring the surface flux R HK by co-adding all available spectra into a template spectra with a high signal-to-noise ratio (S/N) using the HARPS-TERRA software (Anglada-Escudé & Butler 2012). The template spectra were normalised to a PHOENIX model atmosphere to convert the arbitrary flux into absolute flux units. Then we integrated the flux in the Ca ii H and K line cores. The photospheric flux contribution R phot was subtracted from R HK by subtracting the integrated Ca ii H and K line cores of the PHOENIX model atmosphere. For consistency, the R phot correction in equation 3 was also applied to the HARPS targets. For stars with B−V ≤0.5, a higher concentration of active stars is seen compared to the stars with B − V ≥ 0.5. This effect is due to the rapidly increasing rotational velocities of hotter stars, with B − V ≤0.5, where the wings around their Ca ii H and K lines can fill in, mimicking an active chromosphere (Schröder et al. 2009 ). As a result of this, we see this artificially induced high activity for some stars with B − V ≤0.5. As for the stars with 0.5≤ B − V ≤1.1, the upper and the lower level of activity do not exhibit any significant trend. The Sun also lies in this B−V range, and it lies closer to the low chromospheric activity boundary, also known as basal flux (Rutten 1984; Schrijver 1987; Rutten et al. 1991; Mittag et al. 2013; Pérez Martínez et al. 2014) . This is consistent with previous work by Noyes et al. (1984a) , except for the significant number of stars at intermediate activity level, which has not previously been reported.
For stars with 1.1≤ B − V ≤1.4, the basal flux increases linearly with B − V, which could indicate a faster spin-down rate. However, the spin-down rates for cool stars are not expected to change so dramatically for the spectral types of these stars (Reiners & Mohanty 2012) . It is unclear why these spectral types have such a high basal flux level, and further discussion is beyond the scope of this paper. Finally, for cooler stars with B − V ≥1.4, the chromospheric activity becomes weaker with decreasing T eff for later spectral types. This result is consistent with previous work on low-mass stars ( mospheric activity is weaker. Such weak chromospheres could be a product of a neutral stellar atmosphere that could inhibit magnetic activity (Mohanty et al. 2002; Mohanty & Basri 2003) . 2. This is most likely an artificial effect due to flare activity, which influences the mean more than the median.
Vaughan-Preston gap
Vaughan & Preston (1980) discovered the lack of intermediately active F and G stars from a sample of 486 stars observed in the Mount Wilson project. We investigated the Vaughan-Preston gap based on a sample of 4454 cool stars taken from several surveys. The distribution of activity levels in the right panel of Fig. 3 shows some indications of the bimodal distribution of activity proposed by Vaughan & Preston (1980) , although it is less distinct than previously found. The region between the two grey lines in Fig. 3 indicates the Vaughan-Preston gap reported in Noyes et al. (1984a) . Contrary to Noyes et al. (1984a) , a considerable fraction of stars are detected in the intermediate-activity region. It was suggested by Vaughan & Preston (1980) that the bimodal distribution of activity arises because of two distinct stellar populations: higher values are young and active stars, while lower values are old and inactive stars. They also suggested that the gap could either be a representation of different dynamo mechanisms or a statistical bias due to their small sample size. According to Durney et al. (1981) , the gap suggests two different dynamo modes. Alternatively, the gap is explained by Noyes et al. (1984a) with three different possibilities: 1) it is not real, 2) there is a true bimodal distribution, but rotation and chromospheric emission decrease smoothly with age, or 3) there is a mass-dependent, critical rotation rate where rapid spin-down occurs. They also suggested that the dependence of chromospheric activity on either side of the gap on stellar rotation and spectral type questions the idea of two different dynamos. Similar to Noyes et al. (1984a) , Rutten (1987) attributed the gap to a rapid spin-down for stars beyond a certain rotation rate. Rutten (1987) also remarked that the Vaughan-Preston gap is limited to F and G stars and is absent in cooler dwarfs. Lastly, the gap might be caused by stars crossing the gap on a very fast timescale of ∼ 200Myr (Pace et al. 2009 ).
In order to investigate this 'bimodality' in more detail, we plot the distribution of stellar activity levels for different ranges of B − V in Fig. 4 . For stars with 0.44 ≤ B − V ≤ 1.1, we detect a high concentration of low-activity stars, caused by the decrease in activity as the star spins down, finally arriving at a minimum activity level. For the F, G, and early-K dwarfs in the range of 0.44 ≤ B − V ≤ 1.1, the Vaughan-Preston gap is not so apparent. It is not clear if two peaks are noticeable or just one strong peak. Even if the secondary peak does exist, it is not so significant as the Vaughan-Preston gap. Moreover, the bimodality might also be fit with a skewed distribution or a Gaussian and skewed distribution.
As we move towards late-K and early-M dwarfs in 1.1 ≤ B − V ≤ 1.4, the scenario changes quite drastically. We detect a higher concentration of active stars on the active side of the Vaughan-Preston gap, and there is a significantly lower number of less active stars. This is the same lack of low-activity K dwarfs that was also noted by Mittag et al. (2013) , which is expected because Mittag et al. (2013) shares many stars with our study. One explanation is that K dwarfs are in general more active than F and G dwarfs, and their minimum activity level or their basal flux is higher than that of F and G dwarfs. Whether the lack of inactive K stars arises because they exhibit a higher inactive state or because of other physical origins is unclear. From 1.4 ≤ B − V ≤ 2.0, the number of stars that lie on the inactive side of the Vaughan-Preston gap increases, and the distribution of activity levels is spread more widely. This is explained by the downtrend of log R HK in this range. To test the idea of two different dynamo mechanisms or geometry, spectropolarimetric observations of these stars and stellar dynamo models need to be combined. The magnetic geometries of these stars are currently being investigated using Zeeman Doppler imaging (ZDI) (Brown et al. 1991; Donati et al. 1997) , and the results will be reported in paper II.
Chromospheric activity cycles
It is well known that cool stars other than the Sun also exhibit chromospheric activity cycles (Baliunas et al. 1995) . Since the catalogue consists of multiple observations of some stars, it provides a unique opportunity for investigating chromospheric activity cycles. We determined the activity-cycle periods using the generalised Lomb Scargle periodogram (Zechmeister & Kürster 2009 ).
Cycle period
Of the 4454 main-sequence dwarfs in the catalogue, only the Mount Wilson and HARPS surveys have multi-epoch observations suitable for a period search (1131 stars). The majority of these 1131 stars had to be discarded due to the limited number of observations and the non-detection of a periodic signal, resulting in only 53 stars with identified periods. To investigate stellar activity cycles, we used the generalised Lomb-Scargle periodogram (Zechmeister & Kürster 2009) . Unlike the standard Lomb-Scargle method (Lomb 1976; Scargle 1982) , this technique accounts for the observational uncertainties and allows a floating mean. This makes the period determination more robust and less prone to aliasing (for a detailed analytic solution to the generalised Lomb-Scargle technique, we refer to Zechmeister & Kürster (2009) ). The strongest peak in the periodogram is considered as the period. The uncertainties in the cycle period are calculated by propagating the errors in the periodogram equation.
To determine the statistical significance of the period, we also calculated the false-alarm probability (FAP) of the detected signal. For our purposes, we also performed a 'visual selection' where we inspected each time series and only included stars with observations spanning at least four years. Any cycle length longer than 25 years was excluded because that is the limit of a full cycle recovery based on the observational time span of the surveys. We also excluded cycle periods that were shorter than two years because with increasingly shorter period, it becomes difficult to distinguish between the rotation period and the activity-cycle period. Additionally, the sampling is not ro- The top plot shows the data in black, and the red curve shows the fit to the strongest peak in the periodogram shown in the bottom plot. The shaded grey area shows the span of the solar chromospheric activity from one minimum to the maximum shifted to the centre at the star's mean value. The dashed horizontal line shows the mean of the data points. The strongest frequency is marked by the dashed red line in the bottom plot. The top plot shows the data in black circles. The red curve is the fit to the two strongest peaks in the periodogram shown in the bottom plot. The shaded grey area shows the span of the solar chromospheric activity from minimum to the maximum, shifted to the centre at the star's mean value. The dashed horizontal line shows the mean of the data points. The two strongest peaks are marked by the dashed red and blue lines in the bottom plot. bust enough to confirm periods shorter than two years. There is one exception to this rule, however: HD115043. This star has a probable cycle period of 1.6 years and a low FAP. This is the only star in the sample to show a cycle period shorter than two years.
Activity-cycle classification
Determining the presence of an activity cycle based on the period search algorithm alone comes with caveats. Since the only robust point of reference of an activity cycle is the solar cycle, we assumed the stellar activity cycle to be sinusoidal. However, in the case of the Sun, several other cycles are also detected, although they are much weaker than the dominant 11-year cycle. Multiple cycle periods instead of one clear activity cycle have also been detected in a few other cool stars (Baliunas et al. 1995; Böhm-Vitense 2007; Saar & Brandenburg 1999; Oláh et al. 2016 ). Oláh Fig. 7 : Example of a cycle period categorised as CC (HD165341A). The top plot shows the data in black, and the red curve shows the fit to the strongest peak in the periodogram shown in the bottom plot. The shaded grey area shows the span of the solar chromospheric activity from one minimum to the maximum, shifted to the centre at the star's mean value. The dashed horizontal line shows the mean of the data points. The strongest peak is marked by the dashed red line in the bottom plot.
et al. (2016) found that multiple cycles are most likely to be detected in fast-rotating stars.
Our analysis showed that while some stars exhibit solar-like activity cycles, some show irregular cycles; irregular cycles were also reported by Baliunas et al. (1995) . We divided the stars into three categories: Class A (CA), Class B (CB), and Class C (CC); they are listed in Table 4 . Four factors were considered for classifying the stars: (i) visual confirmation of the signal, where the periodic signal can be easily detected; (ii) amplitude of the periodic signal, where the amplitude is at least similar to the solar case; (iii) repetition of the signal over the time series, to confirm that it is indeed a regular cycle; and (iv) the FAP of the periodic signal. A considerable difference in the FAP is seen for stars belonging to the three groups. A brief description of the three categories is given below.
CA: Stars with well-defined cycles
Stars that show a clear solar-like sinusoidal activity cycle are included in this category. Figure 5 shows an example where the cycle period is repeated in the long-term observations and the amplitude of the cycle is at least similar to the solar case. This provides additional confidence in the activity-cycle period. As shown in Table 4 , the majority of these stars (a total of 15 stars including the Sun) are slowly rotating stars with rotation periods equivalent to or longer than the solar rotation period. Only HD152391 has a rotation period shorter than 12 days, and is not classified as an inactive branch star by Saar & Brandenburg (1999) either. The time series and corresponding fit from the period search for these well-defined cycles are shown in Fig. C.1 . The stars belonging to this category were taken from the Mount Wilson survey. A secondary period close to one year is also detected in a majority of these stars. This is not a cycle period but a harmonics seen due to the nature of the seasonal observations.
CB: Stars with multiple or chaotic cycles
This group of stars shows chaotic or multiple cycles. An example of such a star is shown in Fig. 6 . There are only five stars in this group, and they are taken from the NSO Mount Wilson survey. Although a few other stars exhibited possible multiple periodicity, their FAPs were not reliable for the secondary periods. Additionally, they could be aliases and were discarded. A further detailed analysis is required for some individual stars to confirm their multiple periods. The time series and the corresponding periodograms are shown in Fig C. 2.
CC: Stars with unconfirmed cycles
The stars in this category exhibit possible solar-like cycle periods. Thirty-three stars fall in this category. The confidence level in the FAP, the amplitude of the signal, or the sampling are too low for them to be included in the CA category. An example of such a cycle is shown in Fig. 7 . Further observations are required to confirm the nature of these activity cycles. Both Mount Wilson and HARPS stars can be found in this category. Figs. C.3 and C.4 show the time series of these stars.
Long-term evolution of chromospheric activity versus rotation
Previously, Saar & Brandenburg (1999); Böhm-Vitense (2007) have shown that there is a possible relationship between activitycycle period and rotation period, and the stellar activity cycles classify stars into two branches. We investigate the activity cycle versus rotation relation for the cycle periods determined in this work.
ω cyc /Ω versus Ro

−1
To investigate the rotation versus activity-cycle period relation, we list our stars in Table 4 in the ω cyc /Ω versus Ro −1 plane (see Fig. 8 ), similar to Fig. 1 of Saar & Brandenburg (1999) . Following the definition of Noyes et al. (1984a) , the Ro number used here is determined using an empirically determined τ c . The τ c used by Saar & Brandenburg (1999) in their analysis is theoretically determined. Since the empirical τ c of Noyes et al. (1984a) and theoretical τ c of Saar & Brandenburg (1999) are in good agreement (see Fig 3. in Saar & Brandenburg (1999) ), we used the Noyes et al. (1984a) definition. Based on the Mount Wilson long-term survey, previous work investigating activity cycles in cool stars has shown that stars are segregated into two branches, the active and inactive branch (Saar & Brandenburg 1999; Brandenburg et al. 1998; Böhm-Vitense 2007) . They also noted that there is a clear lack of stars in between these two branches.
It is worth noting that the following stars from Saar & Brandenburg (1999) are not included in our analysis: HD98230B is excluded because of the lack of available data, HD187691 is excluded because of the lack of significant variability in its S-index values, and HD154417 was excluded as the measured cycle periods fall outside of our selection boundary. The stars marked with a dagger in Table 4 are the stars that have previously been published by Saar & Brandenburg (1999) .
3 The cycle periods of some of our common stars vary from the periods in Table 1 of Saar & Brandenburg (1999) . This discrepancy is most likely caused by the difference in the data used because Saar & Brandenburg (1999) also used results from Radick et al. (1998) , which are not included in our analysis. Additionally, we used the Table 4 , shown in log scale. The red symbols are activity cycles classified as CA, green symbols are activity cycles classified as CB, and black symbols are activity cycles classified as CC. The circles denote Mount Wilson stars, and triangles represent HARPS stars. For multiple cycles, the second cycle periods (Pcyc2) are connected to the filled symbols by a horizontal line. The Sun is shown as . The active and inactive branches from Saar & Brandenburg (1999) are shown as black dotted lines (see Section 4 for details on the selection criteria).
new release of the Mount Wilson sample, which has more observations. Overall, our results are consistent with those of Baliunas et al. (1995) , except in a few cases. In this version of the generalised Lomb-Scargle periodogram, measurement errors are weighted and an offset is introduced to account for the floating mean. These modifications make it a more robust algorithm than the periodogram (Scargle 1982 ) used in Baliunas et al. (1995) . Figure 8 shows that stars with clear activity cycles (CA), including our Sun, all lie on the inactive branch, except for one star that lies on the active branch of Saar & Brandenburg (1999) . Almost all stars with cycles classified as CA have log Ro ≤ 1. Mount Wilson stars whose cycles fall in the CB and CC category mostly exhibit log Ro ≥ 1, and some of them populate the intermediate region between the active and inactive branch. Two of the five CB stars exhibit cycle periods that alternate between the inactive branch and the active branch. The primary and secondary periods of HD149661 lie in the intermediate region. The primary and secondary cycles of HD1835 and HD20630 lie outside the active branch. The CC stars are spread throughout the rotation and cycle period plane. The HARPS CC stars lie close to the inactive branch. The Mount Wilson CC stars, on the other hand, can be found around the inactive branch, the active branch, and the intermediate region.
When the three classifications (CA, CB, and CC) are combined, no clear distinction between the inactive and active branch is detected. Figure 8 also shows that log ω cyc /Ω decreases with increasing log Ro −1 . This linear trend is not a physical effect and is caused by the selection bias. Based on our selection criteria, the stars with cycle periods shorter than 1.6 years and greater than 25 years were not included in our analysis. This creates the effect in Fig 8. Our results show that stellar activity cycles could lie in the intermediate region between the active and inactive branches. It is hard to discern where the inactive branch ends and the active branch begins. Figure 8 does not show any clear indication of the positive slopes that have been proposed for the activity branches, unless we only focus on the stars classified as CA. If we do not include the CB and CC stars, then only the inactive branch stars are left. This strengthens our argument that the classification into active or inactive branches might not be a true representation of the complex relationship between cycle periods and stellar rotation.
Our results are in qualitative agreement with the recent results of Olspert et al. (2017) , where the authors find an indication of an inactive branch, but not an active branch by re-analysing the Mount Wilson sample. Furthermore, recent numerical studies of global convective dynamo simulations for a wide range of rotation rates find no indication of activity branches (Viviani et al. 2017; Warnecke 2017) . In these studies, the distribution of dynamo cycles also agrees well with the one found in this work, see in particular Figure 9 of Warnecke (2017).
P cyc versus P rot
In order to investigate the magnetic activity cycles versus rotation relation independent of any empirical trend, we plot the activity-cycle period as a function of rotation period similar to Fig. 1 in Böhm-Vitense (2007) . Figure 9 shows that the welldefined cycles, classified as CA, mostly lie on the inactive branch of stellar cycles. However, the active branch of stellar cycles is less distinct than other studies. Additionally, for the first time, the region around the Sun is populated. We also detect stellar cycles that lie in the lower regions of the inactive branch. However, these stars are classified as CC, and care should be taken as further observations are required to be certain.
Previous work by Böhm-Vitense (2007) showed that stellar activity cycles are clearly separated into active and inactive branches, and activity cycles of stars on the active branch can migrate to the inactive branch. Our results show that a limited number of stars exhibit multiple cycles, and only two of these show cycle periods migrate from the inactive branch to the acArticle number, page 9 of 25 A&A proofs: manuscript no. activity_arxiv tive branch. The multiple periods of one star lie in the intermediate region, where the Sun is accompanied by a few other stars. Furthermore, the inclusion of the HARPS stars shows that stars could also lie in the region below the inactive branch, which makes it hard to clearly classify activity cycles into branches. Figure 9 also shows that stellar activity cycles cannot be clearly divided into two branches. Only stars classified as CA exhibit a possible linear trend with rotation. The linear trend disappears when CB and CC stars are also included in the analysis. Finally, if we only consider the CA stars in Fig. 9 , then the linear trend on the inactive branch could have a different slope (see Appendix D.1). Under these conditions, the Sun appears to lie much closer to the inactive branch. In both cases, whether we consider the three different classifications or the CA classification alone, the active branch appears to be very weak and non-existent.
Multiple periodicity in some stars
In addition to the clear solar-like cycles detected in the CA stars, multiple cycles were also observed in Figs. 8 and 9 . Multiple cycles are observed on stars rotating faster than the Sun. The solar cycle used here is determined from chromospheric activity measurements. Long-term monitoring of solar activity has shown that although the solar cycle is cyclic in nature, it is not purely periodic. The Sun also exhibits several cycles that are not as dominant as the 11-year cycle (see Solanki et al. 2006 , for more details on solar activity). For example, the long-term modulation of the sunspot numbers also indicates an 80-year cycle known as the Gleissberg cycle, as well as periodicities of 51.34 years, 8.83 years, and 3.77 years that are seen in the difference in activity levels between the two hemispheres (see Deng et al. 2016) . When viewed as a star from the ecliptic, the north-south asymmetries cancel, and we are left with only the 11-year activity cycle (and periodicities associated with its longer term modulation). However, when viewed from outside of the ecliptic, the north-south asymmetries no longer exactly compensate for each other, and a number of additional frequencies are expected. The amplitude of the Sun's activity cycle, as seen in sunspots, is considerably higher than the amplitude of these other cycles, but this comparison is based on data that include the current grand maximum (Solanki et al. 2004) , and it does not take into account that the amplitude of the other cycles varies strongly in time (Deng et al. 2016) . In other stars, and at other times for the Sun, it is possible that the relative amplitudes of all these cycles could be different. Hence, the presence of multiple cycles in some stars is not surprising and is most likely caused by various factors: inclination, complex magnetic field geometry, observational epoch, or any combination of the three.
We ran the generalised Lomb Scargle periodogram on the solar S-index data but were only able to detect the activity cycle of 10.7 years. This cycle period is in agreement with the sunspot cycle of 11 years. We did not detect any multiple periodicity on the S-index time series. The data were not sampled at a high enough cadence to detect these shorter and much weaker additional periodicities.
Comparison with results from Zeeman Doppler imaging
One theory explaining the division of activity cycles into two branches is that two different magnetic geometries are sustained by two different dynamo mechanisms (Böhm-Vitense 2007) . In order to investigate the magnetic geometry of stars in Figs. 8 and 9, the Zeeman Doppler imaging (ZDI) technique has to be used. ZDI is the only technique that can reconstruct the largescale surface magnetic geometry of cool stars. One way of comparing if stars have similar magnetic geometry is to investigate if their surface magnetic field geometry is poloidal or toroidal. ZDI reconstructs magnetic field geometries in the spherical har-monics frame, which allows us to express the magnetic field in its poloidal and toroidal field components.
The magnetic field geometry of stars along the inactive and active branches was studied by See et al. (2016) on 12 ZDI targets, only 5 of which had observations spanning multiple epochs. See et al. (2016) showed that the stars that lie on the active branch exhibit strong toroidal geometry. However strong poloidal geometry is also detected for a few active branch stars Rosén et al. 2016) . For active stars with multiepoch observations, the toroidal fraction exhibits strong modulation over time and sometimes changes to strong poloidal field components, although one active branch star, HD78366, shows a strong poloidal field that remains consistently poloidal over several years of observations (Morgenthaler et al. 2011) , (Jeffers et al. 2018 (in prep) ).
Stars on the inactive branch, on the other hand, exhibit strong poloidal geometry. However, the sample size of stars on the inactive branch is much smaller: there are only four stars. Additionally, it is not fully known if there is any modulation in the poloidal fraction over time. Only one star was observed over multiple epochs; this was 61 Cyg A (Boro Saikia et al. 2016) . This star shows a slight increase in its toroidal fraction over its activity cycle. Young fast-rotating solar-type stars such as HD206860 (Boro Saikia et al. 2015) and κ Ceti (do Nascimento et al. 2016), however, exhibit a complex large-scale magnetic geometry with a significant toroidal component. For comparison, the Sun has a strong poloidal field, and its large-scale field is more than 90% poloidal at the surface (Vidotto 2016) .
Recent work by Metcalfe et al. (2016) investigated the magnetic topology of a handful of solar analogues that have also been observed using the Kepler satellite. The results of Metcalfe et al. (2016) show that there is a difference in field geometry for stars above and below the Vaughan-Preston gap and also for stars that lie on the active and inactive branches. However, one should be careful while interpreting the results, as the VaughanPreston gap and the active and inactive branch do not refer to the same phenomena, as shown by Fig. E.1 , where the gaps in the two cases are not the same. It is clearly shown that stars that lie on the inactive branch (red symbols) do not necessarily lie on the inactive side of the gap, which would be the case if the Vaughan-Preston gap and the inactive and active branch were the same. The Vaughan-Preston gap is produced by the lack of stars with intermediate chromospheric activity, whereas the separation into inactive and active branches is made as a result of the lack of stars with activity-cycle periods that lie in the empty region near the Sun. Furthermore, the magnetic geometry sample used in Metcalfe et al. (2016) is very limited. The stars they included only show limited epochs and in some cases only one observation epoch. This might be highly misleading in this context, as the poloidal and toroidal fraction for a single star is known to change quite significantly over time, and the sample is too small to have any statistical significance.
The magnetic field topology changes even for the Sun from a more simple dipolar field to a more complex higher-order field during one activity cycle. For solar analogues the field geometry could change dramatically from one month to the next (Jeffers et al. 2017) . For example, the field geometry could exhibit a strong poloidal field in one epoch, but turn into a toroidal field in a matter of a few months (See et al. 2015; Jeffers et al. 2017) . Hence, it is very important to monitor stars over the long term to understand whether the magnetic geometry is indeed different for stars with different levels of activity. Understanding the evolution of magnetic field geometry during the dynamooperated activity cycle of a star is necessary to be able to determine whether the dynamo is indeed different for stars in the cycle period-rotation plane.
Conclusions
We introduced a chromospheric activity catalogue of 4454 cool stars. We explored the Vaughan-Preston gap for the stars in our catalogue. We also investigated the relationship between activity-cycle period and rotation period in a selected sample of stars. Our main conclusions are listed below.
-The ratio of chromospheric to bolometric flux, log R HK , as a function of B − V shows that the Vaughan-Preston gap is not as significant as previously thought; this distinction was made possible by our very large catalogue of stars. If the gap is indeed not real, then it suggests that main-sequence stars begin their lifetimes with strong activity, and as they spin down, they become less active, finally settling down with a quiescent activity level without any sudden break at intermediate activity. Robust measurements of stellar age and rotation are required for a reliable conclusion. Finally, ZDI magnetic geometry reconstructions of stars across the VaughanPreston gap combined with stellar dynamo models are required to investigate if active and inactive stars indeed have two different dynamo mechanisms. -Stars with well-defined clear activity cycles, cycles classified as CA, predominantly lie on the inactive branch, and they exhibit a possible linear relation with rotation. Stars with cycles classified as CB (multiple cycles) and CC (probable cycles) are scattered on the activity period-rotation plane, even filling the gap near the Sun, making the active branch less distinct. When all classifications of stars are considered, no linear relationship is detected between cycle period and rotation. The weakening of the active branch classification is still prevalent when the CC stars are not included. Our conclusions still stand when we include only the CA stars. Finally, the Sun's position in the new cycle period-rotation plot indicates that it is not an exception and that its dynamo is most likely not in a transitional phase, as previously suggested. Notes. The † symbol shows stars which were previously included in the analysis of Saar & Brandenburg (1999) . The rotation periods for the Mount Wilson stars are taken from Saar & Brandenburg (1999) and Hempelmann et al. (2016) , except for a few cases as follows: HD10780, HD26923, HD3734 (Gaidos et al. 2000) , HD82443 (Messina et al. 1999) , HD100180 (Oláh et al. 2016) , HD146233 (Petit et al. 2008) . The rotation periods for the HARPS stars are taken from Lovis et al. (2011) . The τ c used here is calculated based on the empirical relation of Noyes et al. (1984a) , where τ c is a function of B − V. 
